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Particle Image Velocimetry measurements of flow around sand ripples and a short
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The results of laboratory experiments conducted to elucidate the flow around sand ripples and solid objects (e.g. cylinders) placed on a sandy
bed in the oceanic coastal zone are presented. In this zone the shoaling waves and ripples are dominant. Shoaling waves were generated in
a laboratory wave tank (32×1.8×0.8 m3) with a sloping sand bottom. Particle Image Velocimetry technique was used to resolve the flow
structures around vortex ripples and short horizontal cylinder placed on the bottom. The key observations from these experiments were:
(i) vortex shedding at the lee side of the ripple crest, (ii) sediment transport to the successive offshore ripples with the change of the flow
direction, (iii) large horseshoe vortices of opposite sign forming periodically on both sides of the cylinder with the change of flow direction.
These results are expected to be useful in improving predictive models for scour/burial of solid objects in the coastal zone.

Keywords:Sand ripples; short cylinder; shoaling waves; particle image velocimetry; vortices.

Se presentan los resultados de experimentos realizados para explicar el flujo alrededor de ondulaciones arenosas y objetos sólidos (por
ejemplo cilindros) colocados en un lecho arenoso en la zona costera oceánica. En esta zona las olas en aguas someras y las formaciones
arenosas son dominantes. Estas olas fueron generadas en un tanque de olas (32×1.8×0.8 m3) con una pendiente arenosa de fondo. Se uso la
técnica de PIV (Velocimetrı́a de part́ıculas por imagen) para determinar las estructuras alrededor de ondulaciones arenosas vorticosas y de un
cilindro horizontal pequẽno colocado en el fondo. Los principales puntos observados en estos experimentos fueron: (i) esparcimiento debido
a los v́ortices en uno de los lados de la cresta de la ondulación arenosa, (ii) transporte de sedimento de las ondulaciones arenosas en dirección
al mar con el cambio de la dirección del flujo, (iii) Grandes v́ortices en forma de herradura de signo opuesto que se forman periódicamente
en ambos lados del cilindro con el cambio de la dirección del flujo. Estos resultados se espera seanútiles en el mejoramientos de los modelos
predictivos del feńomeno de sepultado-desenterrado de objetos sólidos en la zona costera.

Descriptores: Ondulaciones arenosas; cilindro corto; asomeramiento; velocimetrı́a de part́ıculas por imagen; v́ortices.

PACS: 01.50.Pa; 06.60.Ei; 07.05.Hd; 07.05.Pj; 42.60.By; 47.32.Cc; 47.85.Dh; 47.85.Np; 92.10.Wa; 94.10.Jd

1. Introduction

Sand ripples are structures of small scale founded mainly
in the coastal zone, which are frequently (quasi) two-
dimensional, regular and are oriented parallel to the wave
front; these structures could be formed in a sandy bed in
the boundary layer of a water flume. Its formation is related
to the instability of the sand water interface and the veloc-
ity near the bottom exceeds certain value. Some progress
has been done in weakly on-linear theory of ripple genera-
tion [1-3], but some aspects are not already well understood.
The numerical analysis is also challenging due to the diffi-
culties of treating sediment transport and movable beds [4].
One alternative choice arises in the way of lab experiments
as the most feasible method to study sediment ripples. To
fix our experiments with current results we adopt Sleath and
Bagnold classifications [5,6], for the bed forms and the ac-
tion that produces these bed forms, vortex ripples and rolling
grain ripples.

Our main concern is about vortex ripples experiments to
obtain two-dimensional data due to the essential feature of
these vortex ripples is the vortex shedding in the lee of each
crest. These are the ripples most commonly found at low to

moderate sediment transport rates and the ripple profile in the
coarser sand is more nearly sinusoidal, the crest become more
rounded and the height to length ratio of the ripple decreases.

Also research in oscillatory flow around cylinders has
been an important research topic due to their vast practical
application [7-14]. Previous studies have focused on cases
when the cylinder is far from solid boundaries [15-17], on
or close to a plane wall [18-21]. Several studies, experimen-
tal and numerical, have been carried out for different shapes.
Most recently flow around a short cylinder [22] has been con-
sidered under steady and oscillatory flows for moderate Re
numbers (300-5300). Flow around sand ripples and short bot-
tom cylinder is an important engineering problem, because
of its application in sediment transport, detection of buried
objects, wave attenuation, drift currents, pollutant dispersion
and sediment acoustics of coastal regions [23,5].

In our present communication we present results for both
experimental issues (vortex ripples and short cylinder) un-
der non linear oscillatory flow for high Re numbers (13500-
39000).
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FIGURE 1. Tank, 2. Water, 3. Vertical wave-maker (frequency
ω, amplitude of horizontal displacement), 4. Sloping bottom
(slope=1/24), 5. ADV attached to carriage, 6. Laser; 7. Photo or
digital video camera, 8. Hydraulic system to move wave-maker, 9.
View frame of a digital camera which is connected to a computer,
10. Mirror, 11. Light guide with splitting optics, (see Voropayevet
al. [24]).

FIGURE 2. Typical horizontal along-slope water velocity, u, (a)
and wave elevation, h, (b) profiles at 4 different sections along the
slope. Experimental conditions are:ω = 0.4 Hz,εo = 5 cm.

2. Experimental set up

A detailed description of the experimental facility is given
in Ref. 24, and only a brief description is given below.
The oceanic coastal zone was modeled in a wave tank
(32×0.9×1.8 m3) with a slopping (slope angle,β = 2.5◦)
sandy bottom (mean grain size, d50 = 0.04 cm, thickness
20 cm). The vertical paddle, driven by a piston, is used to
generate sinusoidal periodic waves in the water of the depth
100 cm near the paddle (see schematic in Fig. 1). The tank
consists of a number of sections (61 cm in length) with sec-
tion number 0 near the paddle and below the positions along
the slope is given as section numbers. Although the wave
paddle forcing is sinusoidal, when the waves propagate along
the slope, they steepen and change their height as in the na-
ture, thus causing the underlying velocity field to become in-
creasingly nonlinear and asymmetric (see Fig. 2).

Before each experiment the sand on the slope was made
flat. Three types of experiments were conducted, (a) Experi-
ment to study flow and vortex pattern around sand ripple, (b)
Experiment to study flow around short cylinder placed on

TABLE I. Experimental conditions.

Exp Object D Flow Sec f 2εo U Re= KC=

# (cm) # (Hz) (cm) (cm/s) UD/ν 2πε/D

1 Cylinder 5 O 22 0.4 15 33 16500 16.5

2 Cylinder
on plate

5 O 22 0.4 15 33 16500 16.5

3 Sand
Ripples

12 O 22 0.4 15 33 39600 6.875

on sand bed, and (c) Experiment to study flow around short
cylinder horizontally placed on a plate and lying on sand bed.
The different experimental conditions and values of non di-
mensional parameters for ripples and cylinder are shown in
Table I.

The Particle Image Velocimetry (PIV) and super-VHS
video recording were used for flow measurements and visu-
alization, respectively. The Particle image velocimetry is a
non-intrusive technique used for measuring instantaneous ve-
locity and vorticity field in a cross section of a flow. The flow
is illuminated using a double pulsed Nd-YAG laser beam,
which spreads as a thin (0.2 cm) light sheet by a cylindrical
lens. The Laser, lens and the charge coupled device (CCD)
video camera (for PIV) were attached to the carriage. For
the side view, a vertical light sheet was used with cameras
viewing from the side. Small, highly reflective Pliolite tracer
particles (diameter 0.02 cm) were used for seeding the flow.
It is assumed that the tracer particles (Pliolite) move with the
local flow velocity between the two illuminations. The dis-
tance moved by the tracer particles between the two frames is
forms the base for velocity calculations. The light scattered
by these particles is recorded using the CCD camera. To keep
particles in suspension, the density of the background fluid
was prepared to have the same density as the particles, by
adding small amount of salt. The “time constant” of seeding
particles ([25]) can be estimated as d2/18ν (d – particle diam-
eter.ν - fluid viscosity), which gives 0.001 s, respectively, for
PIV. Both of these response times are small enough to ensure
the versatility of particles used as flow markers. Approxi-
mately 4000-5000 particles were necessary for PIV measure-
ments in the frame of observations. Once the frame of obser-
vations is obtained, the velocity and vorticity measurements
are done using sophisticated software. Four different experi-
ments were conducted to study the flow pattern near the wake
zone. In all our experiments two components of velocity were
measured.

In all the experiments the following parameters were im-
portant for an oscillatory flow: maximum horizontal water
velocity U, length L, diameter D, kinematic viscosityνk,
particle excursionε, and oscillating frequencyω. Based on
these parameters we arrive at three non-dimensional param-
eters, namely Reynolds number (Re), Keulegan Carpenter
(KC) number and aspect ratio (a=L/D). For our experiments
the typical values of “Re” and “KC” were 13,500-39,600 and
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16.5-6.875 respectively. The aspect ratio was fixed at a con-
stant (=5) value. The value of aspect ratio (a) was chosen con-
sidering the particular application with regard to mine burial
in coastal zone. In total three different experiments were con-
ducted and the experimental conditions are given in Table 1.
In order to confirm the results the same experiments were re-
peated with different experimental parameters (i.e. varying
amplitude (2εo)) which are not listed in the table. All the ex-
perimental data was collected using PIV, and video recording
was also done to verify the wake structures.

3. Experimental results and discuss

3.1. Flow around sand ripples

Two different experiments were conducted with experimental
parameters: 2εo = 15, 20 cm andω = 0.4 Hz. In Fig. 3 PIV
results for one of the experimental parameters (2εo = 15 cm
andω = 0.4 Hz) is shown and similar vortex structures were
recorded for 2εo = 20 cm andω = 0.4 Hz. The Reynolds
number and the Keulegan Carpenter number for this condi-
tion was calculated to be of the order of (Re=35,000) and
(KC=6.875).

The flow was strongly non linear and strong wake struc-
tures were observed. As can be seen from Fig. 3, during the
onshore cycle, the sediment is pushed strongly to the onshore
direction, and as the flow starts to reverse direction, vortex
shedding takes place on the lee side of the ripple crest due to
flow separation, and with the flow reversal, this vortex moves
back (offshore) and deposits the sediments on the successive
ripple crest. This leads to accumulation of sediments on the
ripple crest, and also explains the process of ripple migration
in onshore direction. The schematic of the vortex shedding
process is shown in Fig. 4.

FIGURE 3. Side view PIV measurements showing the formation of
vortex pattern around ripples. In frames (a) - (b) the flow direction
is from right to left and decelerating, in (c) the flow starts to change
direction, in (d) – (f) the flow direction is left to right. Velocity vec-
tors are superposed on the vorticity field shown by red (positive) to
blue (negative) mapping. Experimental parameters: 2εo=15 cm,
ω=0.4 Hz and the time interval between the images is 0.13 s.

FIGURE 4. A side view schematic showing the process of vortex
formation under oscillatory flow over ripples.

Both the primary flow on the upstream face of the crest
and the reverse flow in its lee, tend to carry sediment up to-
ward the top of the crest. This process is opposed by gravity
forces which tend to carry the grains back down the slope and
by the erosion of sediment by the flow over the crest. Both
of these opposing effects become progressively more impor-
tant as ripple height increases and this explains why there is
a limiting steepness for any given set of conditions.

However, it is less clear why ripples form at only one
wave length, for given experimental conditions, since the
foregoing argument implies that the bed in unstable to all
wavelengths provided vortex formation takes place. Presum-
ably, the wavelength which actually forms is the one that
gives the greatest transport of sediment toward the crest. At
low sediment transport rates the wavelength of the ripples is
usually directly proportional to the amplitude (εo) of the fluid
outside the boundary layer. The constant of proportionality
varies hardly at all with grain size or density and only very
slowly with the Reynolds number Re of the flow. This sug-
gests that the wavelength is controlled by the vortex which is
shed at the end of each half-cycle when the flow reverses. At
the end of the half-cycle the vortex which is formed during
the half cycle is ejected in the vicinity of an adjacent ripple.
At this point it can, depending on its position, either help or
impede the transport of sediment up the crest. Clearly, one
particular value of a/L will give maximum growth.

At low sediment transport rates there is no significant ex-
change of sediment between crests but, under more severe
conditions, sediment is carried away from the bed with the
vortex when the flow reverses at the end of the half cycle.
The place where this sediment is deposited clearly influences
the growth rate of the ripples, and mostly the sediments end
up falling on the ripple crest.

3.2. Flow around short cylinder

Experiment (with experimental parameter2εo = 15,
ω = 0.4 Hz) was conducted to study the flow pattern around
a short cylinder under shoaling waves. PIV measurements
were taken at two different sections, one near onshore region
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(section # 22) and one near the offshore region (section #
15). Since the waves are shoaling, they steepen as they ap-
proach the shore. These waves are weakly non linear close to
the offshore region and strongly non linear near the onshore
region. The Reynolds number and the Keulegan Carpenter
number for these conditions were calculated to be of the or-
der of (Re=13,500-16,500) and (KC=13.5-16.5). The flow
was strongly non linear and strong wake structures were ob-
served. The flow structure was complicated, and it was seen
that the vortices formed periodically from both sides of the
cylinder. A typical PIV measurement recorded near the on-
shore region at a distance of∼1.4 m from the wave paddle
(which corresponds to section #22) is shown in Fig. 5.

As can be seen horseshoe vortices are formed close to the
cylinder, and with the flow reversal, the vortex formed on the
one side of the cylinder reverses direction and may interact
with the new vortex. Due to this flipping vortex mechanism,
a lot of sediment from the lee side of the cylinder is trans-
ported and deposited on the offshore side. So with time, a
scour gap develops, and as a result the cylinder may be buried
partially or fully depending on the flow conditions [24]. We
observed similar but less energetic (compared to section #22)
horseshoe vortex structures near the offshore region (section
# 15,i.e.∼1m from the wave paddle). Also, Testiket al. [22]
did related experiments in a towing tank under low to mod-
erate Re and observed akin horseshoe vortices. The periodic
process of vortex flipping and pairing is explained in the next
section.

3.3. Flow around short cylinder on a flat plate

Lastly, we performed experiments (2ε0 = 15, ω = 0.4Hz)
with cylinder on a flat plate analogous to those conducted by
Testiket al. [22] in a towing tank under steady and oscillatory

FIGURE 5. Side view PIV measurements showing the formation of
horseshoe vortex pattern around cylinder.

flow conditions to confirm the presence of these horseshoe
vortices. The cylinder was kept on a plate, and placed on the
sand bed at section #22. Similar results to previous case were
found for PIV measurements (Fig. 5). In Fig. 6, a schematic
of the formation of horseshoe vortex pattern around cylinder
is shown. This is comparable to the schematic of Testiket
al. [22], but in our cases (B) & (C) the vortices are much more
energetic and their shedding is much more intense. The pro-
cess of initial vortex formation, their flipping and paring may
be described as follows and this process of periodic vortex
shedding holds good for both cases of cylinder (viz. cylinder
on flat bottom, and cylinder on a plate).

Let the flow move from right to left (Fig. 6a) with max-
imum velocity (see block arrow). The vortex RF, formed in
the previous flow phase (Fig. 6h), flips to the left and pairs
with the initial vortex LI. Meanwhile, the flipping vortex LF
forms at the downstream of the cylinder. Then the flow decel-
erates (Fig. 6b). The vortex LF moves away from the cylin-
der and the plate, while the vortex pair-like structure (formed
by vortices LI and RF) is advected by the flow and self pro-
pelled further away from the cylinder, leaving the frame of
view (Fig. 6b, c). When the flow direction changes (Fig. 6d),
the vortex LF flips to the right and interacts with the initial
vortex RI, which started forming when the flow changed the
direction. These two vortices pair together and form a vortex
pair-like structure (Fig. 6e) that is self-propagated and ad-
vected by the flow (Fig. 6f). Meanwhile, the flipping vortex
RF forms (Fig. 6e) and grows (Fig. 6f, g) at the downstream

FIGURE 6. A side view schematic showing the process of vortex
formation under oscillatory flow over ripples. Eight consecutive
instances separated by 1/8 of the oscillation period are shown.
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FIGURE 7. Kinetic energy (K.E.) (vs) Time (T) plot for flow around
cylinder on a flat bottom. The K.E. for one whole cycle (2.5 sec-
onds) is shown. As can be seen the flow reverses direction at
T ∼ 1 sec.

FIGURE 8. Kinetic energy (K.E.) (vs) Time (T) plot for flow around
sand ripples. The K.E. for one whole cycle (2.5 seconds) is shown.
As can be seen the flow reverses direction at T∼ 1.5 sec.

FIGURE 9. Kinetic energy (K.E.) (vs) Time (T) plot for flow around
cylinder on a plate placed on flat bottom. The K.E. for one whole
cycle (2.5 seconds) is shown. As can be seen the flow reverses
direction at T∼ 1 sec.

of the cylinder. When the flow direction changes (Fig. 6h),
the vortex (RF) flips to the left side of the cylinder and inter-
acts with the initial vortex LI that is forming here. Then the
process repeats itself periodically, leading to the flow situa-
tion shown in Fig. 6a.

The kinetic energy (KE) values were calculated for the
different experiments namely, flow over ripple, flow over
cylinder and flow over cylinder on a plate and the results are
shown in Figs. 7, 8 and 9 respectively. From the figure we

can see that when the flow is weak the intensity of KE is
weak which means that the boundary layer is less turbulent.
On the other hand when the flow is strong (when the paddle
moves forward) the boundary layer becomes more turbulent
since the KE increases. In Figs. 7 and 8 the KE for one cycle
is shown and in Fig. 9 KE for two cycles is shown.

4. Conclusions

It is found that the vortex shedding occurs at the lee side
of the ripple crest due to flow separation and with the flow
reversal, this vortex moves back (offshore) and deposits the
sediments on the successive ripple crest. This quantifies the
ripple migration process to some extent. In experiments with
cylinder it was found that the near wake is dominated by large
vortices with sizes comparable to the size of the cylinder. A
simplified model consisting of a system of energetic “horse-
shoe” vortices was proposed to explain the observations. For
the range of parameters used in the experiments, it was ob-
served that such horseshoe vortices form periodically around
the cylinder. Since the flow is oscillatory, horseshoe vortices
of opposite sign are formed periodically on both sides of the
cylinder. In the range of parameters studied, two vortices
of the same sign were observed at each side of the cylinder
during half period - initial and flipping vortices. The flip-
ping vortex moves from one side of the cylinder to the other
with the change of the flow direction and pairs here with the
initial one (of the opposite sign) and they shed away periodi-
cally from the cylinder in pairs (as a vortex pair-like structure
in cross section). This result is consistent with the results
of [22], where similar experiments were done, but with low
Re number. Some possible applications of this work include
the prediction of scour and burial of short cylindrical objects
placed beneath shoaling oceanic waves. For this applications
the range of dimensionless parameters may be estimated as
Re = (1.5-3) x105 and KC = 6-12, where a cylinder diame-
ter of D = 50 cm (aspect ratio = 5 as in laboratory) has been
assumed with bottom horizontal water particle excursion of
ε¬ = 50-100 cm and a typical wave frequency of f = 0.1 Hz.
Also a typical unidirectional current speed of U = 30-60 cm/s
was used. Thus, the range of KC in our experiments covers
that of oceanic situations. Although the Reynolds numbers
in the field are much higher than in laboratory, our observa-
tions indicate that the Reynolds number similarity holds for
Re larger than Re≈ 2000. Thus one may speculate that labo-
ratory experiments correctly, at least qualitatively, reproduce
the general flow features of natural conditions.
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APPENDIX

Nomenclature

β slope angle≡ 2.5 ˚ (non dimensional)
d50 mean grain size = 0.04 (cm)
d particle diameter (cm)
ν fluid viscosity (m2/s)
U maximum horizontal water velocity (cm/s)
L length (cm)

D diameter (cm)
νk kinematic viscosity (m2/s)
ε particle excursion (cm)
ω oscillating frequency (Hz)
Re Reynolds number (non dimensional)
KC Keulegan Carpenter number (non dimensional)
a aspect ratio (non dimensional)
εo amplitude (cm)
LI left initial
LF left flipping
RI right initial
RF right flipping
RF right flipping
KE kinetic energy (cm2/s2)
T time (s)
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